1. Introduction {#sec1-nanomaterials-10-01079}
===============

Nanotechnology and novel hybrid materials with extraordinary properties are the mainstream trend in food and beverage packaging topics \[[@B1-nanomaterials-10-01079]\]. Thus, antioxidant and antimicrobial agents such as phytochemicals and/or nanoparticles such as ZnO, TiO~2~, and nanoclays are incorporated into active packaging films aiming to enhance tensile properties, increase gas barrier, and gain antimicrobial properties of such packages and thus to extend food shelf-life \[[@B2-nanomaterials-10-01079]\].

Moreover, the green and cyclic economy impose the use of biodegradable materials and natural substances for active packaging applications \[[@B3-nanomaterials-10-01079]\]. Poly(vinyl) alcohol (PVOH) is a synthetic vinylic alcohol polymer which is water-soluble and highly impermeable to gases. This polymer is used as a barrier layer for paper packaging films. During the last years, several studies have been carried out for the development of active packaging films which are based on the incorporation of nanoparticles such as TiO~2~ \[[@B4-nanomaterials-10-01079]\], ZnO \[[@B5-nanomaterials-10-01079]\], clay minerals essential \[[@B6-nanomaterials-10-01079]\] oils \[[@B7-nanomaterials-10-01079]\], and phytochemicals \[[@B8-nanomaterials-10-01079]\] on PVOH matrix.

Nanoclays are the most commonly used 2-D nanomaterials for active food packaging applications. The global nanoclay market for food packaging was the largest segment in 2014, accounting for USD 343.0 million, and is expected to grow significantly during 2022 \[[@B9-nanomaterials-10-01079]\]. Incorporation of nanoclays into a polymer matrix leads to polymer/biopolymer nanocomposites with enhanced tensile and barrier properties \[[@B2-nanomaterials-10-01079]\].

Compared to the inorganic 0-D nanomaterials such as nanoparticles of Ag, Cu~2~O, CuO, TiO~2~, and MgO, which are exhibiting antibacterial properties, the zinc oxide (ZnO) is the most commonly used compound for active food packaging applications \[[@B10-nanomaterials-10-01079]\]. ZnO is one of the five zinc compounds which are registered by the US FDA (Food and Drug Administration) in the GRAS (Generally Recognized As Safe) list (FDA, 2011).

In this study, the development of a new fully biodegradable and low-cost material for active packaging applications is presented. The main innovation of this work was the coating of the external surface of commercial sodium montmorillonite (NaMt) with ZnO nanorods which exhibit antimicrobial activity. The NaMt material is one of the most usually used materials as a nano-reinforcement and barrier agent. Thus, the final target of this work was to obtain a hybrid nanostructure with increased mechanical strength and barrier properties due to the presence of the nanoclay and with increased antimicrobial properties due to the presence of the zinc oxide nanorods on the surface of the nanoclay. Five batches of ZnO/NaMt hybrid nanostructures, each one with different ZnO/NaMt nominal wt % ratio, were developed. Sequentially, the obtained ZnO/NaMt hybrid nanostructures were incorporated into the PVOH biodegradable polymeric matrix via a melt-extrusion process aimed at the development of an advanced active food packaging film. The success of this attempt was evaluated by the following steps: (1) The characterization of the obtained ZnO/NaMt hybrid nanostructures with XRD, FTIR, and SEM methods to figure out the mechanism of growth of the ZnO nanorods on NaMt surface. (2) The characterization of the developed PVOH/ZnO/NaMt nanocomposite films with XRD, FTIR spectroscopy. This step aims to investigate of the distribution of the ZnO/NaMt nanohybrids in the PVOH matrix. (3) The evaluation of tensile properties, water/oxygen barrier properties, and antimicrobial activity of the developed PVOH/ZnO/NaMt nanocomposite films. This step indicated to us the optimum ZnO/NaMt nominal wt % ratio for the development of the most promising packaging film with advanced mechanical, water barrier, and antimicrobial properties.

2. Materials and Methods {#sec2-nanomaterials-10-01079}
========================

2.1. Materials {#sec2dot1-nanomaterials-10-01079}
--------------

Poly(vinyl alcohol) (PVOH) with low molecular weight (13.000−23.000) and hydrolysis degree of 87−89%, zinc acetate dihydrate (Zn(CH~3~COO)~2~×2H~2~O) and Ammonia solution 25% were purchased from SIGMA-ALDRICH, Co., 3050 Spruce Street, St. Louis, MO 63103 USA 314-771-5765. Sodium exchanged montmorillonite (NaMt) with the code name Nanomer^®^ PGV with mass density 2.6 g/cm^3^ and CEC value of 145 meq/100 g produced by Nanocor Inc. 2870 Forbs Avenue Hoffman Estates, IL 60192 United States and supplied by Sigma-Aldrich. The chemical composition of NaMt was 62.9% SiO~2~, 19.6% Al~2~O~3~, 3.35% Fe~2~O~3~, 3.05% MgO, 1.68% CaO, and 1.53% Na~2~O.

2.2. Preparation {#sec2dot2-nanomaterials-10-01079}
----------------

### 2.2.1. Preparation of ZnO/NaMt Hybrid Nanostructures {#sec2dot2dot1-nanomaterials-10-01079}

The method which was followed for the growth of ZnO nanorods was based on a previous report \[[@B11-nanomaterials-10-01079]\]. Five different ZnO/NaMt weight ratios were prepared ([Table 1](#nanomaterials-10-01079-t001){ref-type="table"}). In all cases, 4.525 g of Zn(CH~3~COO)~2~×2H~2~O (24.7 mmol) was used to obtain approximately 2 g of ZnO nanorods. The amount of the NaMt used was 0.0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 g (see [Table 1](#nanomaterials-10-01079-t001){ref-type="table"}) to obtain final ZnO/NaMt nanohybrids with low, medium, and high NaMt loadings. An amount of 4.525 g of Zn(CH~3~COO)~2~×2H~2~O (24.7 mmol) was dissolved in 50 mL deionized water in a spherical glass flask and it was stirred for 5 min. A second aqueous solution of NH~3~ 25% *w/w* was slowly added to the first in a drop-wise manner, stirring constantly, to keep the pH at \~11. A white precipitate was initially observed, but sequentially it was dissolved back into the solution because of the addition of the NH~3~ (approx. 11 mL). Then, an appropriate amount of NaMt was spread into the clear solution which was further stirred for 2 h. The obtained slurries were refluxed and aged for 1 h and the ZnO/NaMt precipitates were washed several times with deionized water to remove ammonia excess and dried at 60 °C for 24 h. All the used amounts of Zn(CH3COO)~2~×2H~2~O and NaMt, the typical conditions for the preparation, and the code names of ZnO/NaMt nanohybrids are listed in [Table 1](#nanomaterials-10-01079-t001){ref-type="table"}.

### 2.2.2. Preparation of PVOH/ZnO/NaMt Nanocomposite Films {#sec2dot2dot2-nanomaterials-10-01079}

PVOH/ZnO/NaMt blends were prepared in a lab-scale, twin-screw extruder (Haake Mini Lab II, ThermoScientific, ANTISEL, S.A., Athens, Greece). The ZnO/NaMt content was fixed at 3% *w/w*. The blending process was carried out at a temperature of 190 °C, for 10 min blending time and a rotor speed of 100 rpm. In [Table 2](#nanomaterials-10-01079-t002){ref-type="table"}, we can find the adopted code names, the used amounts of PVOH and ZnO/NaMt nanohybrids, the % nominal content of ZnO and NaMt in the obtained films and finally the extrusion process conditions for the preparation of all composites in this work. The blends, which were produced from the lab-scale twin-screw extruder, were hot-pressed into films for 5 min at 185 °C under 2 MPa constant pressure using a hydraulic press with heated plates.

2.3. XRD Analysis {#sec2dot3-nanomaterials-10-01079}
-----------------

All the produced ZnO/NaMt nanostructures, as well as the developed PVOH/ZnO/NaMt ternary films, were characterized by the XRD pattern obtained using a Brüker D8 Advance X-ray diffractometer (Bruker, Analytical Instruments, S.A., Athens, Greece) which was equipped with a LINXEYE XE High-Resolution Energy-Dispersive detector.

2.4. FTIR Spectrometry {#sec2dot4-nanomaterials-10-01079}
----------------------

The chemical structure of ZnO/NaMt nanostructures, as well as the developed PVOH/ZnO/NaMt ternary films, were confirmed by IR spectra measurements. An FT/IR-6000 JASCO Fourier transform spectrometer (JASCO, Interlab, S.A., Athens, Greece) was employed and worked in the frequency range of 4000--400 cm^−1^. The measured infrared (FTIR) spectra were the average of 32 scans at 2 cm^−1^ resolution.

2.5. SEM Images {#sec2dot5-nanomaterials-10-01079}
---------------

The surface morphology of the obtained ZnO/NaMt nanostructures, as well as the average length of the ZnO nanorods, were obtained using a JEOL JSM-6510 LV SEM Microscope (Ltd., Tokyo, Japan) equipped with an X-Act EDS-detector by Oxford Instruments, Abingdon, Oxfordshire, UK (an acceleration voltage of 20 kV was applied). Before SEM observation, the materials were dissolved in EtOH, sonicated for 30 min (to avoid aggregation), and dropcasted on silicon substrates.

2.6. Tensile Properties {#sec2dot6-nanomaterials-10-01079}
-----------------------

Tensile measurements were carried out for all prepared PVOH/ZnO/NaMt films using a Simantzü AX-G 5kNt instrument (Simandzu. Asteriadis, S.A., Athens, Greece) and according to the ASTM D638 method. Three to five samples of each one film were tensioned at an across head speed of 2 mm/min. The sample shape was a dumb-bell with gauge dimensions of 10 × 3 × 0.22 mm. Force (N) and deformation (mm) were recorded during the test, and the stress, stain, and modulus of elasticity values were calculated based on these measurements and the gauge dimensions.

2.7. Water Sorption {#sec2dot7-nanomaterials-10-01079}
-------------------

Selected films were cut into small pieces (20 × 20 mm), desiccated overnight under vacuum, and weighed to determine their dry mass. The weighed films were placed in closed beakers containing 50 mL of deionized water and stored at T = 25 °C. The total water sorption value was calculated by a periodical weighting of the samples until the saturation with water was reached. The calculations were carried out according to the equation:$$W.G.\left( \% \right) = \frac{mWet - mDry}{mDry} \times 100$$ where *mWet* and *mDry* are the weight of the wet and dry film, respectively, and *W.G.* is the Water Gain.

2.8. Water Vapor Permeability (WVTR) {#sec2dot8-nanomaterials-10-01079}
------------------------------------

Water vapor permeability of all PVOH/ZnO/NaMt films was determined at 38 °C and 50% RH according to the ASTM E96/E 96M-05 method using a handmade apparatus and following the methodology described extensively in our previous publications \[[@B12-nanomaterials-10-01079],[@B13-nanomaterials-10-01079],[@B14-nanomaterials-10-01079],[@B15-nanomaterials-10-01079],[@B16-nanomaterials-10-01079],[@B17-nanomaterials-10-01079],[@B18-nanomaterials-10-01079]\]. Each film with approx. 2.5 cm in diameter and approx. 200 µm average thickness was placed on the top of a one-open end cylindrical tube made of plexiglass which contained dried silica gel inside and was sealed by a rubber O-ring. The test tube was placed in a glass desiccator with a 200 mL saturated magnesium nitrate solution (50% relative humidity (RH)). Test tubes were weighed periodically for 24 h and the WVTR was calculated according to the following equation:$$WVTR = \frac{G/t}{A}$$ where: *G* is the weight increase of the tested tubes in grammars, *t* is the time in hours, *G/t* is the slope of the linear function ΔG = f(t), and A is the permeation area of the film. Additionally, the weight of the tested films was measured before and after the WVTR test to exclude any absorption phenomena of humidity by the film.

2.9. Oxygen Permeability {#sec2dot9-nanomaterials-10-01079}
------------------------

The oxygen transition rate (OTR) was measured using an oxygen permeation analyzer (8001, Systech Illinois Instruments Co., Johnsburg, IL, USA). The examined samples were tested at 23 °C and 0% RH according to the ASTM D 3985 method. OTR values were measured in cc O~2~/m^2^/d. The oxygen permeability (OP) values of the tested samples were calculated by multiplying the OTR values with the average film thickness, which was approximately 300--400 μm. The OTR value for each kind of film resulted from the mean value of measurements of three pieces.

2.10. UV--Vis Absorbance Analysis of Films {#sec2dot10-nanomaterials-10-01079}
------------------------------------------

UV--vis absorbance measurements were carried out for all the PVOH/ZnO/NaMt nanocomposite films as well as for the pure PVOH and PVOH/NaMt nanocomposite films using a Shimatzu 1900 spectrophotometer. The range of the absorbance wavelength was from 200 to 800 nm. During the analysis, the scan rate and the spectral bandwidth were fixed to be 50 nm/min and 2 nm, respectively. The dimension of the samples which were used for this analysis was 50 mm length and15 mm width.

2.11. Antimicrobial Activity Tests {#sec2dot11-nanomaterials-10-01079}
----------------------------------

Escherichia coli strain BL21(DE3) was taken from a culture collection of the Department of Biological Applications and Technologies, University of Ioannina. The bacterial strain was recovered from cryo-preservation, was grown on Luria--Bertani (LB) agar at 37 °C, and stored on LB agar slants at 4 °C. Luria--Bertani (LB) was purchased from Lennox (LAB173) and Luria--Bertani agar was purchased from LAB which are NEOGEN companies both of them (NEOGEN Co. 620 Lesher Place, Lansing, MI 48912 USA, 800.234.5333 USA).

The antibacterial activity of PVOH/ZnO/NaMt as well as of pure PVOH and PVOH/NaMt nanocomposite films against *E. coli* was tested according to the method of Karageorgou et al. with some modifications \[[@B19-nanomaterials-10-01079]\]. Approximately, 5 mL of 0.9% NaCl solution containing 10^7^ CFU/mL bacterial cells at the exponential phase were deposed on each film (33 mm diameter) in a glass petri dish (60 × 15 mm) to interact for 12 h at 25 °C, under shaking at 100 rpm. As a control, we treated bacteria samples in the same conditions without the presence of any film. After the treatment, 25 μL of each sample was added at Nunclon™ Delta 96-Well MicroWell™ Plates from Thermo Scientific, ANTISEL, S.A., Athens, Greece, containing 225 μL sterile LB broth medium and the growth curves at 37 °C were determined based on the absorbing value of OD~600~. All experiments were performed in triplicate wells for each film and repeated at least twice. The lethal effect of each film is defined as the percentage growth inhibition of treated cells compared to control at the exponential growth phase.

3. Results {#sec3-nanomaterials-10-01079}
==========

3.1. Characterization of ZnO/NaMt Hybrid Nanostructures {#sec3dot1-nanomaterials-10-01079}
-------------------------------------------------------

[Figure 1](#nanomaterials-10-01079-f001){ref-type="fig"} shows the X-ray diffraction patterns of ZnO, NaMt, and ZnO/NaMt nanohybrids in a 2theta angle range from 2theta=2° to 2theta=50°. The XRD peaks at 2theta angles around 31.7°, 34.4°, 36.2°, and 47.5°, correspond to the (100), (002), (101), and (102) reflections of Hexagonal: P63mc Zinc Oxide wurtzite crystal phase (COD-2015 library, Crystallography Open 139 Database). The (002) reflections originate from the vertically oriented ZnO nanowires while the (101) reflections originate from the tilted nanowires. The increasing of the (002) peak indicates well-oriented ZnO nanowires \[[@B20-nanomaterials-10-01079],[@B21-nanomaterials-10-01079]\]. These peaks, which were recorded in all XRD plots of the ZnO/NaMt nanohybrids, indicated the growth of ZnO nanorods on NaMt. Additionally, in all XRD plots of ZnO/NaMt nanohybrids, the basal spacing (d~001~) of NaMt was observed at a low angle region around 7.3°. The zero increase of the basal space of all ZnO/NaMt nanostructures as compared to the basal space of the pure NaMt indicates that no change was taking place in interlayer NaMt space after the ZnO growth. The calculated values of basal space are shown in [Figure 1](#nanomaterials-10-01079-f001){ref-type="fig"}. This result is in contrast with previous reports where the preparation of ZnO/NaMt via zinc chloride solution led to the intercalation of ZnO nanoparticles into the NaMt galleries \[[@B22-nanomaterials-10-01079]\]. This fact indicates that in our case the ZnO nanorods do not intercalate in the NaMt galleries and coated the external surface of the NaMt platelets. Apart from the XRD measurements and of the SEM images, this result is supported by the findings reported elsewhere \[[@B23-nanomaterials-10-01079]\] where the Zn(CH~3~COO)~2~x4H~2~O was used as starting material for ZnO growth as in our case and the ZnO nanorods coated the external surface of the halloysite nanoclay. Moreover, XRD plots of all ZnO/NaMt nanohybrids exhibit a peak-shift to higher angles for ZnO characteristic peaks. This phenomenon is common when you dope a material because impurities are introduced in the crystal lattice. Additionally, it is common after the processing of materials because of residual tensile stresses presented in thin layers \[[@B24-nanomaterials-10-01079],[@B25-nanomaterials-10-01079],[@B26-nanomaterials-10-01079]\]. According to previous reports \[[@B22-nanomaterials-10-01079],[@B27-nanomaterials-10-01079],[@B28-nanomaterials-10-01079]\] for all ZnO/NaMt nanohybrids, an increase to NaMt content causes a decrease in the characteristic crystal phase peaks of ZnO. This result indicates that the higher the content of NaMt the higher the covering of ZnO crystals.

Representative SEM images of ZnO/NaMt-4, ZnO/NaMt-2, ZnO/NaMt-0.5, and ZnO/NaMt-0.4 hybrid nanostructures are illustrated in [Figure 2](#nanomaterials-10-01079-f002){ref-type="fig"}. As it is obvious from SEM images, by increasing NaMt content, the obtained crystal size of ZnO nanorods is increased. For ZnO/NaMt-4 the obtained length of ZnO nanorods range from 1.5 to 2.1 μm, for ZnO/NaMt-2 from 2.3 to 4.0 μm, for ZnO/NaMt-0.5 from 5.7 to 5.9 μm, and ZnO/NaMts-0.4 from 6.3 to 6.8 μm. SEM images have also shown that the ZnO nanorods coated the external surface area of the NaMt platelets and with different orientations. This result is consistent with the XRD findings discussed above. The preparation method which was followed led to ZnO/NaMt nanohybrids with free NaMt's basal space. This space was available to encapsulate biopolymer molecules.

[Figure 3](#nanomaterials-10-01079-f003){ref-type="fig"} shows the FTIR spectra of all ZnO/NaMt nanohybrids as well as the FTIR spectra of pure NaMt. The characteristic absorption band of NaMt is assigned, at \~3626 cm^−1^ to OH group stretching bonded with Al^3+^ cation \[[@B29-nanomaterials-10-01079]\]; at \~3442 cm^−1^ to the H~2~O stretching vibrations; at \~1641 cm^−1^ to the H~2~O bending vibrations; and at \~1113 cm^−1^ and \~1031 cm^−1^ to the SiO stretching vibrations \[[@B30-nanomaterials-10-01079]\]. Moreover, the three bands at 913, 879, and 844 cm^−1^ are OH bending modes, the band at \~913 cm^−1^ is the bending mode of AlAl--OH; at \~879 cm^−1^ is the bending mode of AlFe--OH, and finally at \~844 cm^−1^ is the bending mode of FeFe--OH \[[@B30-nanomaterials-10-01079],[@B31-nanomaterials-10-01079]\].

All the obtained spectra of ZnO/NaMt nanohybrids exhibit an absorption band at around 520 cm^−1^, which is the typical characteristic band of pure wurtzite hexagonal phase ZnO \[[@B32-nanomaterials-10-01079],[@B33-nanomaterials-10-01079]\] and an absorption band at 3434 cm^−1^, which corresponds to the O--H mode \[[@B6-nanomaterials-10-01079]\]. The two strong peaks at 1553 cm^−1^ and 1394 cm^−1^ are assigned to the symmetric starching of the carboxylate group (COO^−^) which originates probably from a small residue of zinc acetate that was used for the growth reaction \[[@B33-nanomaterials-10-01079]\]. The characteristic absorption band of OH group stretching bonded with Al^3+^ cation at \~3626 cm^−1^ decreases as the ZnO content increases (see [Figure 3](#nanomaterials-10-01079-f003){ref-type="fig"}). This fact suggests that the coating of the NaMt surface with ZnO nanorods probably covers the Al--OH surface group leading to a decrease of the corresponding stretching band of the NaMt.

3.2. Characterization of PVOH/ZnO/NaMt Nanocomposite Films {#sec3dot2-nanomaterials-10-01079}
----------------------------------------------------------

[Figure 4](#nanomaterials-10-01079-f004){ref-type="fig"} shows the XRD plots of all obtained PVOH/ZnO/NaMt nanocomposite films as well as of "blank" PVOH/NaMt samples and pure PVOH film (gray line). All PVOH/ZnO/NaMt nanocomposite films as well as the "blank" PVOH/NaMt sample exhibit a shift of the NaMt characteristic peak at 2theta around 5°--6° and a PVOH characteristic peak attenuation. This fact indicates the incorporation of PVOH chains into the free interlayer space of ZnO/NaMt nanohybrids and the formation of an intercalated nanocomposite structure. PVOH/ZnO/NaMt-4 and PVOH/ZnO/NaMt-2 samples were the nanocomposite films with the lowest NaMt content. These samples showed the highest increase of NaMt d-spacing which was 1.73 nm and 1.70 nm, respectively. As the NaMt content in PVOH/ZnO/NaMt films increased, the d-spacing decreased, indicating partial destruction of obtained intercalated nanocomposite structure.

[Figure 5](#nanomaterials-10-01079-f005){ref-type="fig"} Represents the FTIR spectra of pure PVOH and PVOH/ZnO/NaMt nanocomposite films. The characteristic bands of all the FTIR plots of the PVOH's are as follows: from 1020 to 1092 cm^−1^ the C−OH stretching vibration, at 1240 cm^−1^ the C--H wagging vibration, at 1424 cm^−1^ the O−H in-plane bending vibration, at 1736 cm^−1^ the Carbonyl (C=O) stretching vibration, at 2926 cm^−1^ the C−H alkyl stretching vibration, and from 3000 to 3600 cm^−1^ the strong broad absorption band of O−H stretching vibration. These results are in agreement with others in previous reports \[[@B34-nanomaterials-10-01079],[@B35-nanomaterials-10-01079],[@B36-nanomaterials-10-01079]\]. The presence of NaMt in PVOH/ZnO/NaMt films is indicated by the appearance of the characteristic absorption bands at \~3626 cm^−1^, at \~1641 cm^−1^, and at \~1031 cm^−1^. Because these absorption bands are very low, they are more obvious on PVOH/NaMt, PVOH/ZnO/NaMt-0.5, and PVOH/ZnO/NaMt-0.4 samples where the wt % content of NaMt is the highest. The presence of ZnO nanorods is indicated by the broadening of PVOH's absorption band at 3000--3600 cm^-1^ which is caused by the absorption band of ZnO's O--H mode at 3434 cm^−1^. This broadening is more obvious in PVOH/ZnO/NaMt-5 and PVOH/ZnO/NaMt-4 samples where the ZnO wt % content is the highest. The main difference between the FTIR plots of all PVOH/ZnO/NaMt and PVOH/NaMt nanocomposites and the FTIR plot of pure PVOH is the broadening of the PVOH's hydroxyl groups vibration band which is located at 3000--3600 cm^-1^. This broadening indicates the interaction of PVOH chains with the inside galleries surface of the NaMt clay platelets.

The major conclusion from the characterization measurements which were carried out on both ZnO/NaMt nanohybrids and PVOH/ZnO/NaMt nanocomposites was that ZnO nanorods which coated the external surface area of NaMt platelets tilted to different orientations. Moreover, the intercalation of NaMt interlayer space with ZnO nanorods was practically zero. This free interlayer space of ZnO/NaMt nanohybrids was occupied from PVOH chains and a new intercalated nanocomposite structure was developed. This scenario is graphically illustrated in [Figure 6](#nanomaterials-10-01079-f006){ref-type="fig"}.

3.3. Tensile Properties of PVOH/ZnO/NaMt Nanocomposite Films {#sec3dot3-nanomaterials-10-01079}
------------------------------------------------------------

In [Table 3](#nanomaterials-10-01079-t003){ref-type="table"}, the calculated modulus of elasticity (E), the tensile strength (σuts), and the % elongation at break (%ε), of all tested PVOH/ZnO/NaMt nanocomposite films as well as of PVOH/NaMt nanocomposite and pure PVOH film are presented. A comparison of the calculated values of % variation of modulus of elasticity (E), tensile strength (σuts), and % elongation at break (%ε) between nanocomposite films and pure PVOH film is depicted ιn [Figure 7](#nanomaterials-10-01079-f007){ref-type="fig"}. As it is obvious from this figure, the tensile strength of PVOH/NaMt, PVOH/ZnO/NaMt-4, PVOH/ZnO/NaMt-2, and PVOH/ZnO/NaMt-1 samples increased up to 85.5%, 183.4%, 88.4%, and 54.3%, respectively. The same parameter decreased up to −6.5%, −21.4%, and −54.0% for PVOH/ZnO/NaMt-0.7, PVOH/ZnO/NaMt-0.5 and PVOH/ZnO/NaMt-0.4 samples, respectively. A similar trend is observed for the % variation of % elongation at break parameter. Thus, the increase of wt % of ZnO content led to enhanced tensile strength and elongation at break properties of PVOH/ZnO/NaMt nanocomposites. Additionally, the increase of wt %. NaMt content led to increased brittleness of PVOH/ZnO/NaMt nanocomposites. The enhancement of both tensile strength and elongation at break values by the increase of the wt %, ZnO content in PVOH/ZnO nanocomposites is in agreement with results reported in other papers \[[@B37-nanomaterials-10-01079],[@B38-nanomaterials-10-01079]\]. Additionally, the enhancement of tensile strength and the decrease of elongation at break values by the increase of the % NaMt content in the PVOH matrix consists of results reported previously \[[@B36-nanomaterials-10-01079]\].

The tensile strength values of PVOH/ZnO/NaMt-4, PVOH/ZnO/NaMt-2, and PVOH/ZnO/NaMt-1 nanocomposite increase compared to the tensile strength value of pure PVOH. Additionally, as it is mentioned in the previous paragraph, the XRD results indicated an intercalated nanocomposite structure for PVOH/ZnO/NaMt-4, PVOH/ZnO/NaMt-2, and PVOH/ZnO/NaMt-1 nanocomposites. This result indicates enhanced tensile strength properties, according to the XRD theory. Moreover, the highest strengthening was observed for PVOH/ZnO/NaMt-4 and PVOH/ZnO/NaMt-2 samples. For these two films, XRD results indicated the highest d-spacing values of NaMt, (see [Figure 4](#nanomaterials-10-01079-f004){ref-type="fig"}). The decreased tensile strength values of PVOH/ZnO/NaMt-0.7, PVOH/ZnO/NaMt-0.5, and PVOH/ZnO/NaMt-0.4 samples as compared to the tensile strength of the pure PVOH sample is consistent with the partial destruction of the intercalated nanocomposite structure which was observed for these samples via XRD measurements. The similarity of the trend of d-spacing values with the trend of tensile strength values of all PVOH/ZnO/NaMt nanocomposite films is a confirmation for the validity of the results of this study.

3.4. Water Sorption {#sec3dot4-nanomaterials-10-01079}
-------------------

[Table 4](#nanomaterials-10-01079-t004){ref-type="table"} presents the % water sorption values of all films after immersion in water. As it is obvious, the pure PVOH film and the PVOH/NaMt nanocomposite film absorbed huge amounts of water and were almost damaged after 2−3 h of immersion in water. Lower % water sorption values were obtained for PVOH/ZnO/NaMt nanocomposite films. The % water sorption values of PVOH/ZnO/NaMt films decreased as the % content of ZnO increased. The lowest % water sorption value is obtained for the PVOH/ZnO/NaMt-4 sample which had the highest % ZnO nanorods content. The surface water resistance properties of ZnO nanorods are well known in the literature \[[@B39-nanomaterials-10-01079]\].

3.5. Water and Oxygen Barrier Properties {#sec3dot5-nanomaterials-10-01079}
----------------------------------------

The PVOH polymer is known for its excellent oxygen barrier properties due to its strong intermolecular forces which originate from the hydroxyl groups in the repeating unit \[[@B40-nanomaterials-10-01079]\]. However, these hydroxyl groups make PVOH very hydrophilic and ultra-sensitive to moisture. WVTR values for PVOH films are rarely reported \[[@B40-nanomaterials-10-01079],[@B41-nanomaterials-10-01079],[@B42-nanomaterials-10-01079]\] because of their extreme weakness in moisture. Additionally, OTR values of PVOH films are rarely reported \[[@B40-nanomaterials-10-01079]\]. In this work, the PVOH films were prepared via a solution blending process and not via an extrusion melting process. Calculated WVTR and OP values of all the developed PVOH/ZnO/NaMt nanocomposites, as well as of the PVOH/NaMt nanocomposite and the pure PVOH, are listed in [Table 4](#nanomaterials-10-01079-t004){ref-type="table"}. The obtained WVTR values which are listed in [Table 4](#nanomaterials-10-01079-t004){ref-type="table"} were measured with a handmade apparatus and thus could not be compared with other values reported in the literature. However, they were still useful for comparisons between the films of this work. In [Figure 8](#nanomaterials-10-01079-f008){ref-type="fig"}, the % variation of the WVTR and OP values of each sample as compared to the WVTR and OP values of the pure PVOH sample is presented. This is a good indicator of water and oxygen barrier properties.

It is obvious from [Table 3](#nanomaterials-10-01079-t003){ref-type="table"} and [Figure 8](#nanomaterials-10-01079-f008){ref-type="fig"} that the variation of WVTR and OP values follows the same trend. For PVOH/ZnO/NaMt-4, PVOH/ZnO/NaMt-2, and PVOH/ZnO/NaMt-1 nanocomposites obtained lower WVTR and OP values than for the PVOH/NaMt nanocomposite structure. The WVTR and OP values of PVOH/ZnO/NaMt-0.7, PVOH/ZnO/NaMt-0.5, and PVOH/ZnO/NaMt-0.4 nanocomposites samples were higher than WVTR and OP values of the PVOH/NaMt nanocomposite sample. In other words, PVOH/ZnO/NaMt nanocomposites with high ZnO nanorods content exhibited the highest oxygen and water barrier properties. The lowest WVTR and OP values were obtained for PVOH/ZnO/NaMt-4 and PVOH/ZnO/NaMt-2 nanocomposites samples. The PVOH/ZnO/NaMt-4 sample exhibited −21.1% and −52.6% lower WVTR and OP values, respectively, compared to the WVTR and OP values of the pure PVOH sample. Similarly, the PVOH/ZnO/NaMt-2 sample exhibited −15.8% and −51.6% lower WVTR and OP values, respectively, compared to the WVTR and OP values of pure PVOH sample. Moreover, similarly to the case of the tensile strength variation, both the WVTR and OP values variation of all nanocomposite samples were consistent with the variation of the d-spacing values which were recorded from XRD measurements. Thus, the PVOH/ZnO/NaMt-4, PVOH/ZnO/NaMt-2, and PVOH/ZnO/NaMt-1 nanocomposites which exhibited the highest d-spacing values and the strongest intercalated structure, also exhibited the highest barrier properties. On the other hand, the PVOH/ZnO/NaMt-0.5 and PVOH/ZnO/NaMt-0.4 samples, which exhibited the lowest d-spacing values and partially destroyed intercalated structure, also exhibited the lowest barrier properties. Although until now it was known that the addition of NaMt nanofiller to the PVOH matrix can increase only the water barrier properties \[[@B41-nanomaterials-10-01079]\], in this work it is reported that the addition of ZnO/NaMt nanohybrids can increase both water and oxygen barrier properties. The increase of oxygen barrier properties of PVOH/ZnO/NaMt nanocomposites should be attributed to the extra increase of the tortuosity of paths which are followed by the oxygen molecules because of the presence of ZnO nanorods on the silicate platelets. This fact results in a decrease of the effective diffusivity of oxygen through the films. On the other hand, the increase of the water barrier of the PVOH/ZnO/NaMt nanocomposites should be attributed to the water resistance properties of the ZnO nanorods \[[@B39-nanomaterials-10-01079]\]. These two results indicate that the followed preparation procedure is advantageous. This happened because of the ZnO nanorods growth on the external surface of NaMt layers.

3.6. UV--Vis Films Absorbance {#sec3dot6-nanomaterials-10-01079}
-----------------------------

The UV--vis absorbance measurements are a common and useful tool for the design of materials that are used for food product packaging \[[@B43-nanomaterials-10-01079],[@B44-nanomaterials-10-01079],[@B45-nanomaterials-10-01079]\]. As it is obvious from UV--vis absorbance plots in [Figure 9](#nanomaterials-10-01079-f009){ref-type="fig"}, the pure POVH film (see dotted line spectra) absorbed a significant amount of UV--B light (280--315 nm) and a smaller amount of UV-A light (315−400 nm). The addition of ZnO/NaMt nanohybrids into the PVOH matrix enhances the visible light, UV-B, and UV-A irradiation absorption. As the ZnO content increases the UV-B and UV-A absorption increases also. For the PVOH/ZnO/NaMt-nanocomposite film with the highest ZnO nanorods, content a cut-off of UV irradiation is observed.

3.7. Antimicrobial Properties {#sec3dot7-nanomaterials-10-01079}
-----------------------------

The effect of ZnO nanorods content on the antimicrobial activity of PVOH/ZnO/NaMt nanocomposite films against *E. coli* is presented in [Figure 10](#nanomaterials-10-01079-f010){ref-type="fig"}. The bactericidal ability was studied through the lethal effect that was caused at ambient temperature (25 °C) after 12 h of interaction. Pure PVOH and PVOH/NaMt nanocomposite films had a light lethal effect of 12.5% and 11%, respectively. Pure NaMt bulk powder was tested and showed no significant antibacterial activity. Thus, the pure PVOH and the PVOH/NaMt materials exhibited identical antimicrobial activity ([Figure 10](#nanomaterials-10-01079-f010){ref-type="fig"}) The lethal effect of PVOH/ZnO/NaMt-4 and PVOH/ZnO/NaMt-were almost 95%, whereas for PVOH/ZnO/NaMt-1. PVOH/ZnO/NaMt-0.7, PVOH/ZnO/NaMt-0.5, and PVOH/ZnO/NaMt-0.4 were 88, 70, 64, and 41, respectively. The antibacterial efficacy increased with increasing content ([Table 2](#nanomaterials-10-01079-t002){ref-type="table"}) of ZnO nanoparticles in the films. This is in agreement with a previously published report on the antibacterial properties of ZnO nanoparticles which showed that the antibacterial activity of ZnO nanoparticles increased with increasing powder concentration \[[@B46-nanomaterials-10-01079],[@B47-nanomaterials-10-01079],[@B48-nanomaterials-10-01079]\]. According to the results, it can be concluded that growing ZnO nanoparticles at PVOH/NaMt nanocomposite films are effective antibacterial agents against *E. coli*.

4. Conclusions {#sec4-nanomaterials-10-01079}
==============

Concluding the above paragraphs, we could resume the following: (i) The NaMt and ZnO blending process, as it is described above, provides a nanostructured material with high antimicrobial activity. More specifically, the FTIR measurements confirm the ZnO/NaMt nanostructure and the PVOH/ZnO/NaMt ternary nanocomposite films. SEM images also confirm the coating of ZnO nanorods on the surface of the NaMt clay which permits the full intercalation of the clay by the PVOH polymeric matrix. (ii) Such nanostructured material exhibits enhanced enough antimicrobial properties compared to the PVOH/NaMt film because of the ZnO growth, as nanorods, on the external surface of the NaMt clay. The PVOH/ZnO/NaMt-4 material exhibits a lethal effect of almost 97% for *Escherichia coli* while the pure PVOH exhibits lethal effect around 10% for the same microbial and the NaMt exhibits almost 0%. (iii) Apart from that, compared to the PVOH/NaMt film, the PVOH/ZnO/NaMt nanocomposite material exhibits reduced tensile properties for low ZnO concentrations. This drawback was eliminated enough for higher ZnO concentrations. As it is confirmed by the tensile measurements, the mechanical properties of the PVOH/ZnO/NaMt-4 film are well improved compared to the mechanical properties of the PVOH/ZnO/NaMt-0.4 film. (iv) The oxygen permeation analyzer (OPA), the water sorption (WS), and the water vapor transition rate (WVTR) measurements, confirm the higher oxygen and water barrier properties of the PVOH/ZnO/NaMt-4 film compared to the oxygen and water barrier properties of the pure PVOH and the PVOH/NaMt materials. (v) Finally, the UV--vis absorbance measurements confirm the cut-off of the UV radiation by the PVOH/ZnO/NaMt film. According to the above-mentioned conclusions, the PVOH/ZnO/NaMt-4 film has great potential to be a promising active packaging film for food. A full migration and antimicrobial study for the evaluation of possible migration phenomena of such novel ZnO/NaMt material in food will be the subject of our next project.
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![Comparison of XRD plots of all the obtained ZnO/NaMt nanohybrids with the XRD plot of the pure NaMt and with the XRD plot of the pure ZnO material. The 2theta range is between 2° and 50°.](nanomaterials-10-01079-g001){#nanomaterials-10-01079-f001}

![SEM images for ZnO/NaMt nanohybrids with different compositions which are specified in [Table 2](#nanomaterials-10-01079-t002){ref-type="table"}. White sticks are the ZnO nanorods, bulk light-gray mass is the NaMt clay and the dark-gray ground is silica wafer used as a substrate for SEM measurements. (**a**) ZnO/NaMt-4, (**b**) ZnO/NaMt-2, (**c**) ZnO/NaMt-0.5, and (**d**) ZnO/NaMt-0.4.](nanomaterials-10-01079-g002){#nanomaterials-10-01079-f002}

![Comparison of FTIR plots of all obtained ZnO/NaMt nanohybrids with the FTIR plot of the pure NaMt.](nanomaterials-10-01079-g003){#nanomaterials-10-01079-f003}

![Comparison of XRD plots of all PVOH/ZnO/NaMt nanocomposite films with the XRD plot of the PVOH/NaMt film and with the XRD plot of the pure PVOH film.](nanomaterials-10-01079-g004){#nanomaterials-10-01079-f004}

![Comparison of FTIR plots of all obtained PVOH/ZnO/NaMt nanocomposites films with the FTIR plot of the PVOH/NaMt nanocomposite film and with the FTIR plot of the pure PVOH film.](nanomaterials-10-01079-g005){#nanomaterials-10-01079-f005}

![Schematic representation of ZnO nanorods growing on the external surface of the NaMt clay (**left**) and for the incorporation of the PVOH chains in the free interlayer gallery space of the ZnO/NaMt nanohybrids (**right**).](nanomaterials-10-01079-g006){#nanomaterials-10-01079-f006}

![Comparison of the variation of % tensile strength (σ) and % elongation at break (%ε) values of all the obtained PVOH-based nanocomposite films from the respective values of the pure PVOH film which was used as reference material.](nanomaterials-10-01079-g007){#nanomaterials-10-01079-f007}

![Comparison of the variation of % WVTR and % OP values of all the obtained PVOH-based nanocomposite films from the respective values of the pure PVOH film which was used as referenced material.](nanomaterials-10-01079-g008){#nanomaterials-10-01079-f008}

![UV--vis absorbance plots of all the developed PVOH/ZnO/NaMt nanocomposite films as well as of the PVOH/NaMt nanocomposite and pure PVOH films.](nanomaterials-10-01079-g009){#nanomaterials-10-01079-f009}

![Lethal effect of all obtained PVOH/ZnO/NaMt nanocomposites films as well as of PVOH/NaMt nanocomposite and pure PVOH film against *Escherichia coli* after 12 h interaction at 25 °C. All measurements were in triplicate while the standard deviation (SD) is represented.](nanomaterials-10-01079-g010){#nanomaterials-10-01079-f010}

nanomaterials-10-01079-t001_Table 1

###### 

Typical conditions and used ZN(CH3COO)~2~×2H~2~O amounts for the preparation of ZnO/NaMt nanohybrids.

  ---------------------------------------------------------------------------------------------------------
  A/A   Code Name      Zn(CH~3~COO)~2~×2H~2~O\   ZnO\   NaMt   Batch Total Volume (Water-mL)   Reflux (h)
                       (g)                       (g)                                           
  ----- -------------- ------------------------- ------ ------ ------------------------------- ------------
  1     ZnO            4.525                     2.0    0.0    50                              1

  2     ZnO/NaMt-4     4.525                     2.0    0.5    50                              1

  3     ZnO/NaMt-2     4.525                     2.0    1.0    50                              1

  4     ZnO/NaMt-1     4.525                     2.0    2.0    50                              1

  5     ZnO/NaMt-0.7   4.525                     20     3.0    50                              1

  6     ZnO/NaMt-0.5   4.525                     2.0    4.0    50                              1

  7     ZnO/NaMt-0.4   4.525                     2.0    5.0    50                              1
  ---------------------------------------------------------------------------------------------------------

nanomaterials-10-01079-t002_Table 2

###### 

Code names, used amounts of poly(vinyl)alcohol (PVOH) and ZnO/NaMt hybrids, % nominal contents in ZnO/NaMt nanohybrids, and extrusion processing conditions for all prepared active films.

  Samples Code Names   PVOH (g)   ZnO/NaMt\*(g)   %ZnO Content   %NaMt Content   Extrusion Process         
  -------------------- ---------- --------------- -------------- --------------- ------------------- ----- ----
  PVOH/ZnO/NaMt-4      4.85       0.15            2.4            0.6             190                 100   10
  PVOH/ZnO/NaMt-2      4.85       0.15            2.0            1.0             190                 100   10
  PVOH/ZnO/NaMt-1      4.85       0.15            1.5            1.5             190                 100   10
  PVOH/ZnO/NaMt-0.7    4.85       0.15            1.2            1.8             190                 100   10
  PVOH/ZnO/NaMt-0.5    4.85       0.15            1.0            2.0             190                 100   10
  PVOH/ZnO/NaMt-0.4    4.85       0.15            0.86           2.14            190                 100   10
  PVOH/NaMt            4.85       0.15            0.0            3.0             190                 100   10

nanomaterials-10-01079-t003_Table 3

###### 

Modulus of elasticity (E), tensile strength (σuts), and % elongation at break (%ε), of all tested PVOH/ZnO/NaMt nanocomposite films as well as of PVOH/NaMt nanocomposite and pure PVOH film.

  Samples Code Names   Young's Modulus-(E)   Tensile Strength-(σuts)   \% Elongation at Break (%ε)
  -------------------- --------------------- ------------------------- -----------------------------
  PVOH                 2066.6 ± 146.5        6.7 ± 0.5                 0.7 ± 0.1
  PVOH/NaMt            2602.2 ± 158.8        12.5 ± 0.8                1.2 ± 0.2
  PVOH/ZnO/NaMt-4      3154.3 ± 167.3        19.1 ± 0.7                1.0 ± 0.2
  PVOH/ZnO/NaMt-2      2546.6 ± 158.5        12.7 ± 0.7                0.8 ± 0.2
  PVOH/ZnO/NaMt-1      2328.8 ± 145.2        10.4 ± 0.6                0.8 ± 0.3
  PVOH/ZnO/NaMt-0.7    2168.3 ± 163.2        6.3 ± 0.4                 0.6 ± 0.1
  PVOH/ZnO/NaMt-0.5    1978.2 ± 125.8        5.3 ± 0.4                 0.4 ± 0.1
  PVOH/ZnO/NaMt-0.4    936.5 ± 98.5          3.1 ± 0.3                 0.3 ± 0.1

nanomaterials-10-01079-t004_Table 4

###### 

\% water sorption, water vapor transmission rate (WVTR), and oxygen permeability (OP) of all tested PVOH/ZnO/NaMt nanocomposite films as well as of PVOH/NaMt nanocomposite and pure PVOH films.

  Samples Code Names   \% Water Sorption   WVTR (g/m^2^/d)   OP (cm^3^.mm/m^2^/d)
  -------------------- ------------------- ----------------- ----------------------
  PVOH                 633.3 ± 5.5         30.1 ± 0.3        9.5 ± 0.4
  PVOH/NaMt            626.3 ± 4.4         28.5 ± 0.4        6.5 ± 0.3
  PVOH/ZnO/NaMt-4      66.5 ± 2.3          23.7 ± 0.3        4.5 ± 0.2
  PVOH/ZnO/NaMt-2      155.9 ± 3.2         25.3 ± 0.3        4.6 ± 0.3
  PVOH/ZnO/NaMt-1      165.2 ± 3.1         27.2 ± 0.2        4.7 ± 0.2
  PVOH/ZnO/NaMt-0.7    220.2 ± 3.6         28.5 ± 0.2        5.9 ± 0.2
  PVOH/ZnO/NaMt-0.5    290.5 ± 3.5         30.9 ± 0.3        7.4 ± 0.2
  PVOH/ZnO/NaMt-0.4    310.3 ± 3.8         33.3 ± 0.3        9.1 ± 0.3
